Abstract-Recent advancements in microwave and terahertz photonics technologies has led to development of innovative advanced wireless communications systems. One of the emerging promising technologies is Radio-on-Free-Space Optical (RoFSO) system described in this paper. RoFSO is achieved by combining Radio-over-Fiber (RoF) technique and free-space optical (FSO) communication technology using seamless connection of free-space and optical fiber. With this system it is possible to transmit simultaneously multiple RF signals representing different wireless services through free-space using WDM technique. In this paper we describe the design concept of the RoFSO system and highlight the performance evaluation based on the transmission of the various wireless services signals transmitted over it. The results obtained show satisfactory performance and demonstrate potential of the RoFSO system as a suitable platform for provision of ubiquitous wireless services. Moreover the link design of the RoFSO system and application scenario as an ubiquitous network are considered based on the experimental result.
INTRODUCTION
Free-space optics (FSO) systems are increasingly being considered as suitable alternative for transmission of optical and RF signals in situation where optical fiber deployment is not feasible. This can made possible by utilizing FSO links designed by taking advantage of the emerging new generation FSO systems [1] and advanced microwave and photonics technologies. We have developed and demonstrated a new Radio on Free-Space Optics (RoFSO) system, capable of simultaneous transmission of multiple RF signals. The RoFSO system is realized by combining new generation FSO system with Radio over Fiber (RoF) technique [2] .
In this paper we present an experimental investigation on a RoFSO system suitable for provision of ubiquitous wireless services. The design concept and example of experimental results and analysis of performance evaluation of the RoFSO system when simultaneous transmitting multiple RF signals is given. Based on the system design specifications and operating environment the link margin and applicable operating range is theoretically derived and shown.
OUTLINE RoFSO SYSTEM
In recent years, new generation of FSO systems operating in the 1550 nm wavelength band have been developed and demonstrated [1] . In these systems for transmission or reception through free-space no optical-to-electrical or electrical-to-optical (OE/EO) conversions is necessary, unlike conventional systems operating in the 800 nm wavelength band. The optical beam is emitted directly to freespace from the fiber termination point using the FSO transceiver and at the receiving end it is focused directly to the single mode fiber (SMF) core. This configuration, i.e., direct emission and reception of optical signal through the atmosphere, achieves a bandwidth and protocol transparent communication system. It eliminates the necessity of reconfiguring the FSO transceiver even when the nature of the transmitted signals changes [3] therefore making them an attractive candidate for implementing the proposed RoFSO system discussed in this paper.
The RoFSO system is implemented by simply combining a new generation FSO system described above with Radio-over-Fiber (RoF) technology. RoF is a technique of modulating RF subcarriers onto an optical carrier for distribution over fiber network. For transmission through the atmosphere in the RoFSO system configuration direct optical amplification and emission of RoF signal into freespace is utilized [2] realizing a flexible wireless system capable of simultaneous transmitting multiple RF signals representing various wireless services.
However, RoFSO technology has several demerits which include high dependence on weather conditions (rain, snow, fog, dust particles etc) which can severely affect the performance of the links. They are also susceptible to atmospheric effects like scintillation and beam wander. Research on FSO systems is focused on developing robust techniques for atmospheric turbulence suppression especially in new generation FSO systems in which the optical signal is transparently transmitted and received through free-space without undergoing any opto/electical conversion in the transceivers. Figure 1 shows a schematic of the experimental setup to evaluate the performance of the RoFSO system when simultaneously transmitting multiple RF signals consisting of ISDB-T, W-CDMA and WLAN signals. In the experimental setup, at one site (Site A) signal generators for producing the various RF based wireless service signals under investigation are placed and at a second site (Site B) signal analyzers and other measurement devices and equipment are situated. The RoFSO system consists of an optical interface unit (Optical IF unit) and a RF interface unit (RF IF unit). The optical interface unit consists of a wavelength multiplex and de-multiplex device, boost and post amplifier and an optical circulator to separate transmit and receive signals. The RF interface unit consists of RoF modules responsible for electro/optical signal conversion corresponding to each wireless service RF signal under investigation. The system specifications are given in Table 1 .
EXPERIMENTAL RESULTS
The RF test signals (ISDB-T, W-CDMA and WLAN) are independently produced using signal generators (SG). The signals are generated at −20 dBm fed into designated RoF modules in the RF IF unit which have an optical modulation index (OMI) of 10%. The optical signals from the RoF modules are then fed to the Optical IF unit, multiplexed then boosted by a 100 mW EDFA and subsequently sent to the rooftop via optical fiber cables for transmission through free-space using the RoFSO antenna. At the receiver side corresponding signal analyzers (SA) are used to measure the quality of the different RF signals.
ISDB-T signal Transmission
To evaluate the transmission characteristics of the ISDB-T signal transmission using the RoFSO system a modulation error ratio (MER) quality metric parameter is used. Figure 2 shows the measured ISDB-T MER characteristics. Figure 2 (a) top shows the MER for both Layer A and Layer B together with the mean received optical power for a continuous 24 hour period. The measured MER and received optical power can be correlated with the atmospheric turbulence strength characterized by C 2 n shown in Figure 2 (a) below. The ARIB STD-B21 standard specifies the minimum required CNR for Layer A and Layer B at the receiver should be 11.5 dB and 22 dB respectively. Ideally, the MER and CNR values should be roughly equivalent but in normal systems, MER is slightly lower than CNR. The MER values for Layer A and Layer B in Figure 2 (a) top are consistently above 25 dB which shows good performance for the system. The MER values fall below this value around midday, a time characterized with increased atmospheric turbulence as shown in Figure 2 (a) below. Figure 2(b) shows the CDF of the mean MER accumulated over a 24 hour period. From the CDF figure, for the case of Layer A 100% of the values are above the specified threshold of 11.5 dB and for the case of Layer B at least 95% of the measured values are above the required threshold of 22 dB. These results demonstrate consistent performance of the system.
W-CDMA Signal Transmission
In W-CDMA system, the downlink signal transmitted by the base station is designed to fulfill the specifications defined in the 3GPP standard. The spectral properties of the signal are measured by the Adjacent Channel Leakage Power Ratio (ACLR). The standard requires the ACLR to be better than 45 dB at 5 MHz offset and 50 dB at 10 MHz offset. Figure 3(a) shows an example of the received W-CDMA signal ACLR measurement made over a continuous 24 hour period. A stable optical received power consistently above −10 dBm is recorded and the measured ACLR variation can be closely correlated with the variations of the optical received power. The recorded values for ACLR at the −5 MHz offset satisfy the specification provided in the 3GPP standard i.e., better that 45 dB. Unfortunately, at the −10 MHz offset the ACLR values are below the required 50 dB threshold. This is due to the background noise caused by the boost amplifier resulting in inadequate degree of modulation of the 2 GHz W-CDMA RoF module currently used leading to insufficient SNR. This can be corrected by using an appropriately designed 2 GHz W-CDMA RoF module with optimum input power level and less background noise. Figure 3(b) shows the CDF of the mean ACLR at the −5 MHz offset accumulated over a 1 month period. More than 94% of the values are above the specified threshold of 45 dB. 
RoFSO LINK DESIGN ANALYSIS
The RoFSO system should be designed to operate in an environment characterized with atmospheric turbulence effects. Therefore a power margin is necessary to compensate for the following losses: (a) fading loss as a result of power fluctuations at the receiver due to random change of refractive index on the transmission path; (b) coupling loss at the receiver terminal when the receiving light is coupled directly into a SMF; (c) geometrical loss due to broadening of the laser beam when propagating in free-space and (d) the attenuation loss in the atmosphere. The fading loss is due to the fluctuations of received optical power because of random change of refractive index on the transmission path and calculated by [4] ,
with p thr is the probability of outage time, erf −1 is inverse error function and σ 2 p is power scintillation index and calculated by [5] ,
where σ 2 R = 1.23k 7/6 L 11/6 C 2 n is the Rytov variance parameter and d = (kD 2 RX /4L) 1/2 is the ratio of the aperture radius to the Fresnel zone size, D RX is receiver aperture diameter, and L is link distance.
In the RoFSO system the received optical beam is focused directly into a SMF. However, the propagation through atmospheric turbulence degrades significantly the spatial coherence of a laser beam and limits the fiber-coupling efficiency. The coupling efficiency for a laser light distorted by atmospheric turbulence in a system without using any fine tracking scheme can be estimated by [6] ,
where a and A R /A C represent the coupling geometry and number of speckles respectively, A R = πD2/4, A C = πρ 2 c is the spatial coherence area of the incident plane wave also called its speckle size with ρ c = 1.46C 2 n k 2 L −3/5 is spatial coherence diameter. I 0 is the modified Bessel function of the first kind and zero order.
In practice, the efficiency or compensation gain factor of the tracking system is significantly dependent on the tracking technology. The tracking scheme utilizing a fine pointing mirror (FPM) and quadrant detectors (QDs) for the RoFSO system we have developed has demonstrated stable connection over 1-km transmission with a compensation gain of about 10 dB under moderate to strong turbulence condition.
The geometrical loss depends on the transmission distance, beam divergence angle and the diameters of the transmitter and receiver optics and is given as,
The link margin is also to compensate for the attenuation loss when the laser beam propagates over the in the atmosphere. Since it produces according to various factors, such as dispersion and absorption, generally attenuation, τ , is expressed using visibility as [7] ,
We can derive this attenuation into decibels (dB) as,
where V is visibility (km) and q is the size distribution of the scattering particles described by, q = (1.6 for V > 50, 1.3 for 6 < V < 50, V 0.16 + 0.34 for 1 < V < 6, V − 0.5 for 0.5 < V < 1, 0 for V < 0.5). The average value of visibility in clear weather in presence of atmospheric turbulence can be can be assumed to be 10 km. The relation of link margin and applicable link range for a RoFSO system to operate in a strong turbulence characterized with C 2 n of 2 × 10 −13 (m −2/3 ) derived using the above mathematical expressions is depicted in Figure 4 . The link margin is considered as a sum of atmospheric scintillation loss Eq. (2), coupling loss Eq. (3), geometrical loss Eq. (4), the attenuation loss Eq. (7) and considering a coupling compensation gain of 10 dB. The basic parameters used in numerical analysis are shown in Table I and a probability of outage time p thr of 1e-5 is considered. A value of 0.1% or less is used in Eq. (7) reflecting the cumulative distribution probability of visibility in the Tokyo area.
It can be observed that for the system to operate over a distance of 1 km under strong atmospheric turbulence, the necessary link margin should be more than 21 dB. For shorter distance communication there shall be no coupling loss because of the 10 dB coupling compensation gain the RoFSO system has. 
CONCLUSION
The design concept and performance characteristics of a RoFSO system capable of simultaneous transmission of multiple RF signals using WDM technology has been demonstrated. Example of transmission of ISDB-T and W-CDMA signals using the RoFSO system has been presented and satisfactory performance demonstrated. From numerical analysis the theoretical link margin of the system has been derived. For the system to operate for a distance beyond 1 km, a link margin of 21 dB will be required. The results obtained show satisfactory performance and demonstrate potential of the RoFSO system as a suitable platform for provision of ubiquitous wireless services.
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